We review the question on the origin of the differences observed on various properties when we scan the femtosecond laser beam in an isotropic media (i.e. a glass) in two orientations of a given direction. Publications on refractive index changes, birefringence, nanogratings, stress, bubbles formation and on quill writing effects are analyzed. A new interpretation based on space-charge built from ponderomotive force and stored in the dielectric inducing an asymmetric stress field is proposed. 3139-3151 (1981). 31. M. Lancry, E. Régnier, and B. Poumellec, "Fictive temperature in silica-based glasses and its application to optical fiber manufacturing," Prog.
Introduction
The Asymmetric Orientational Writing (AOW) is something observed with femtosecond (fs) or picosecond (ps) laser not with nanosecond laser nor continuous ones. It is related to the permanent modification of material under irradiation that is different when one moves the focused laser beam in one sense and the other one. This has been reported for the first time in 2003 in pure silica on the induced stress [1] and then in 2007 on several properties: the index change, the macroscopic texture of the written lines [2] , the nanostructures called nanogratings [2] . About the texture of the written line, if you look at the irradiated sample in transmission through an optical microscope, you will discover (if irradiation conditions are suitable) aligned asymmetric macroscopic damages like quarters of moon or chevron like structure that change of orientation under the laser beam displacement [3] . You can also observed bubbles or pearls produced in only one orientation [4, 5] or distributed differently according to the scanning orientation [6] . Pushing a bit the analysis, placing the sample between crossed polarizers, you will notice (again if suitable conditions are fulfilled) that only one orientation is birefringent or that the brightness of lines is different [2] . Kazansky et al. who related the strong birefringence to form birefringence due to the appearance of nanogratings [7] looked at those nanostructures by SEM after chemical etching and found a different texture [2] . On the other hand, on our side, we reported in 2003 [1] shear stress that changes of sign under writing sense reversal. This phenomenon appeared surprising because the glass is isotropic and the beam arriving perpendicularly to the sample face was believed at that time to be axisymmetric.
Later on, Kazansky et al. [8] suggested that the laser beam symmetry is in fact broken due to a Pulse Front Tilt (PFT) that is inherent to such type of ultrashort pulse laser. This produces an effect similar on the quasi-free electrons to a snow-plough through a term occurring in the ponderomotive force i.e. I −∇  where I is the intensity of the beam in the focal volume. In the same time, Kazansky called that the "Quill" writing [2] . As we can see with the equations below, for short time, the ponderomotive force induced a movement of electrons initially at rest in the direction of I −∇  and then an electronic current in the same direction. , the term "sources" account for by multiphoton ionization or tunnelling and/or avalanche ionization and the term "wells" is for electron trapping under self trapped excitons [9] . The electronic current induces an electric and a heat current that are generally different in a non-centersymmetric crystal like LiNbO 3 . This term is invoked for producing asymmetric heating in [8] . In that case, a PFT is not necessary, in contrast to what occurs in glasses. Because the PFT was suggested to be at the root of the symmetry breaking, several groups made efforts to prove it. A first experiment was performed by reversing the beam spatial symmetry by introducing an additional mirror on the optical path and actually they reversed the observation [5] . This proved that the asymmetry originates actually in the beam. But the most clearcut proof has been given by Vitek et al. [10] making a special set-up for controlling the PFT at will. Let us mention here on the way, that they increased the PFT by more than 5 order of magnitude but they do not observed a change of AOW in the same proportion. More recently, Salter et al. [11, 12] used a SLM (Spatial Light Modulator), a less costly system and more flexible one, for suppressing or reversing the AOW easily by controlling the PFT. They show also that PFT is not necessary for AOW, just an intensity gradient without PFT is able to produce it. Therefore, we can deduce that asymmetry in the plasma density is required for AOW but why it is not observed for any set of laser parameters? For getting an insight on these conditions, as the properties exhibiting AOW are various, let us study them in details.
Results
Let us start with the refractive index permanent change [13] . As the pulse energy is increased, it is now widely known that above a first energy threshold (T1), the index change is almost isotropic (with only a small birefringent contribution from form stress). Then going on increasing the energy, a second threshold is overcome (T2) and a strong negative birefringence appears [14] . These processing windows have been recently reviewed in ref [15] . This negative birefringence has been attributed to the appearance of nanostructures also called nanogratings [7] . We can see a nice example of such a nanostructure in Fig. 1 that shows secondary electrons images of laser track cross-section for lines written in opposite orientations. It is series of nanoplanes that we proved to be decomposed silica (i.e. nanoporous silica containing molecular oxygen) [16, 17] . This has been confirmed recently in Ref [18] . They are sometimes well organized like with Fig. 1 , sometimes more disordered (especially at higher pulse energy [19] ).
We have decided to study the retardance (proportional to the birefringence) and the nanostructures systematically in order to check if they are correlated. In first, we detected that changing the sense of writing for the configuration used in Fig. 1 i.e. Xy (writing horizontal i.e. X, laser polarization vertical i.e. y), the length of the laser tracks and thus the length of the volume containing the nanostructures varies. On the contrary, the number of nanoplanes transversally remains the same. Looking the birefringence at the cross section of the sample by transmission between crossed polarizers correlate to the observed change on the nanostructures. Quantitatively, the retardance changes from 110nm ( + X scanning) to 150nm (-X scanning) for perpendicular configuration (see Fig. 2(b) ). This seems to be smaller than the value that we can expect from Fig. 1 as the retardance is proportional to the length, the number of nanoplanes and increases with the refractive index difference between the matter within the nanoplanes (i.e. nanoporous silica) and the matter between them, but one has also to take into consideration the size of the probe beam used for performing the measurement with respect to the laser track width. That is why, in order to minimize any misinterpretation, we used QPM (Quantitative Phase Measurements) and Abrio (Quantitative retardance measurements) for performing a correct correlation between retardance and nanostructures, by varying the laser parameters. We first measured the profiles of phase, retardance and slow axis orientation (this will be reported extensively in another paper). From this database, we were able to plot the Fig. 2 including the phase change and the retardance for the two orientations ( + X and -X) for two different configurations i.e. Xx and Xy. As it is well known, we see on the phase curve that whatever the configuration (but not for the same energy range), there is an increase of the average index change (above T1 threshold) followed by a strong decrease above T2 threshold. It is important to note that the phase and thus the azimuthal average index exhibit an orientational asymmetry. It is larger on Xx than on Xy configuration. Asymmetry is also detected on retardance profiles across the lines as shown in Fig. 3 . This has been mentioned previously by Beresna et al. [20] . The authors observed retardance amplitude that is larger on one edge of the line when they write in one sense or the other one but they did not quantify it. In Fig. 3 , we see that for Xy configuration (Left plot), the magnitude of the retardance changes on the sense of writing whereas for Xx configuration (Right plot), the retardance does not change in magnitude but is transversally asymmetric. We can now correlate these asymmetries according to the laser pulse energy (Fig. 4) . We see in this figure that no AOW appears on retardance for low energies but for higher energy around 0.7 μJ. With the writing conditions used here, the difference with the sense of writing is quite spectacular (jumping from 100 down to 40 nm) and can have a negative impact on the writing technology, clearly. Trying to see what are the corresponding changes on nanostructures, we cleaved the sample and observed the cross section using SEM as shown at the right side of Fig. 4 . When no AOW is detected on retardance, there is nevertheless a transversal asymmetry on the nanostructures that reverses under the sense of writing. We can deduce that it is an antisymmetric orientational writing. Increasing pulse energies, leads to the increase not only of the length of the nanostructures but also of the number of nanoplanes. At 0.6 μJ, whereas no AOW is detected on retardance, there is already a dissymmetry on the number of nanoplanes. Nevertheless, in another sample, varying the energy, we were able to correlate the retardance and the nanograting length whatever the configuration may be. This is shown in Fig. 5 . The quality of the linear fit leads us to consider that the retardance is proportional to the nanostructure length (i.e. in the z propagation direction). As we have seen in Fig. 4 that the number of nanoplanes (i.e. laser track width) increases also with increasing energy in the low energy range, this indicates that the retardance is also proportional to the number of nanoplanes within the probe volume. The next question is the dependence on the beam scanning speed. As the movement is inherent of the AOW, is it obtained for any speed? For answering, we have measured the retardance for 10 to close to 10 3 μm/s (see Fig. 6 ). As it can be seen in Fig. 6 , the retardance exhibits AOW for speed lower than 500 μm/s (i.e. more than 200pulses/μm). Looking at the nanostructures, we can see as before that the number of nanoplanes appears the same for 200μm/s (i.e. 500 pulses/μm) when the orientation of writing is changed whereas AOW on retardance is clearly detected. This is surprising considering the form birefringence model and the observation we made according to the pulse energy. Our knowledge on the nanograting structure is therefore to be completed. It is likely that the index difference between the nanoplanes and the surrounding matter, also changes.
When the speed is increased, AOW on retardance vanishes but difference on nanostructure is detected. This corroborates that the structure of nanogratings changes according to the number of pulses per μm for a fixed pulse energy. By the way, as shown by Taylor and Corkum groups [19] and by Nolte group [21], 10-100 pulses/μm are necessary for appearance of nanoplanes organisation. It is worth noticing that if the writing speed affects the modification, this means that a cumulative effect works. This can occurs only through a memory process or when the previous modification is not erased by the next pulses. On the other hand, the effect of the repetition rate on the energy threshold for the appearance of the AOW seems relatively weak varying only from 0.5 μJ to 0.8μJ when the repetition rate is decreased from 500 kHz down to 5 kHz but with a speed of hundred's μm/s. On the contrary, the sensitivity of AOW energy threshold is much larger for a repetition rate of 1 kHz when the scanning speed is increased from 10 to 1500 μm/s (blue curve in Fig. 7 on the left). This leads to consider that the relevant parameter is the number of pulses per μm or the overlap ratio between pulses i.e. 1-v/(f.D), where v is the scanning speed, f the repetition rate and D the beam diameter at the focus. Results plotted in Fig. 6 shows that even with an overlap ratio as low as 0.5, it is still possible to observe AOW for pulse energy larger than 1.8 μJ with the laser condition that we used here. We have mentioned at the beginning that AOW is not only observed on the refractive index change but also on residual stress field due to irradiation. This phenomenon has been extensively described in two papers [1, 22] . We have just to recall here that it is a complex effect when the pulse energy falls in the domain where the nanostructures are formed in pure silica (above T2 threshold). In that case, one possibility for explaining the observed AFM topography shown in Fig. 8 may be a shear solicitation which direction is along the direction of writing. Taking into account the direction of propagation of the laser light, shearing is like a scissor and reveals a chiral action. There are two kinds of shearings: one with a given chiral type and the mirrored one. What we observe, looking at the cross section of the laser tracks, is that there are successive shearings of opposite sign along the laser track. The most striking feature is that shearing around the focal volume is sensitive to the orientation of writing and to the laser polarization direction. It can reverse with the orientation or just change in amplitude. On the contrary, shearing close to the filament, is not sensitive to the orientation of writing nor to the laser polarization direction.
Overlap
From these results, we can imagine that the stress field sensitive to AOW is related to nanostructures but this is not the case. In Fig. 8 , we show a comparison of AFM topography (that reveal the displacement field due to strain relaxation after cleaving the sample) and SEM image in secondary electrons of two lines written in opposite orientation. There are no nanogratings, just a line around which a pair of shearings is clearly visible. The AOW appears here on the length of the laser track which is seen as a very thin structure. We see also that the displacement field changes. This shows clearly that the shearing is associated with AOW. This stress fields impact the refractive index change through photoelastic effect resulting in anisotropic index changes. As shown in Fig. 3 , AOW appears on the retardance amplitude but also on its slow axis direction. The first quantity change is due to the change in the length of the line. The second quantity shows that the slow axis departs from the direction of the lines due to the effect of the shear stress. The fact we obtain AOW without series of nanoplanes (i.e. below T2 threshold) is consistent with the possibility to observe it in other glasses. Other authors reported AOW in alumino-borate [4, 5] , and in chalcogenide glasses [3] . Let us report what we have observed in Li 2 O-Nb 2 O 5 -SiO 2 glasses (see Fig. 9 ). The measurements of the retardance in this kind of glasses is shown in Fig. 9 for four possible configurations of writing direction and polarization varying the scanning speed from 10 μm/s up to 500 μm/s. From each of them, the sense of writing has been investigated. As we can see, AOW is detected for three of them, vanishing for large speed, whereas the retardance is not decreasing. This confirms that the overlap should be larger than a certain value to observe AOW as we saw in Fig. 7 . On the contrary, the average retardance value is weakly dependent on the scanning speed as shown in Fig. 6 which was for a pure silica glass. A surprising feature in Fig. 9 is the absence of AOW for the configuration Yy. The idea that AOW is determined by only the PFT would lead to say that it was detected for any laser configuration, not perpendicular to the PFT [4, 25] . This would imply that if no AOW appears for Yy, there should be no AOW also on Yx but this is actually not the case. Clearly, the laser polarization plays a role in the phenomenon. In addition, we measured the PFT and found it is oriented 36° anticlockwise in the xy plane and 0.064° out of the z axis for a 5mm wide beam (i.e. An interesting experiment related to the impact of stress is reported in Genevicius et al. [3] . These authors have studied the variation of retardance with the distance that separates the neighbouring lines written in the same direction and orientation. The resulting retardance increases linearly when the distance between adjacent lines is reduced from 3 down to 0.5μm whereas in the case of superimposition, it should be proportional to the number of lines in the probe focus i.e. a hyperbolic function of the separation distance. We can thus deduce that the stress from the previously written line influences the modification of the next line resulting in a reduced stress field and related retardance. These authors show also that the modification in the front of the written lines is influenced by the stress produced by the previously written lines. This means that the effect of the pre-existing stress field is not only on the magnitude of the modification but is also "tensorial".
Another suspicion of asymmetry is revealed by the same group in [25] in an Aluminoborosilicate glass without movement but with an accumulation of a large number of pulses. They show the production of bubbles in one side of the interaction volume when the polarization is almost horizontal. Their explanation is related to the effect of a heat current with such an expression:
.
where n e is the quasi-free electron density, ζ is a scalar coefficient. In this flux, e n ∇  is produced by the PFT and thus oriented in its direction. Therefore, the current is maximal when laser polarization and PFT makes the smaller angle, and zero when the polarization is in the PFT plane. This explanation seems to be in agreement with the symmetry of the observation but they detect also a halo around the interaction volume which is being probably related to heat diffusion which does not exhibit any asymmetry. We can think thus that the vectorial combination suggested is correct but the heat current is not the basis of the bubble production. Rather a charge current may be proposed.
As a matter of fact, in a recent paper [26] some authors describe a pertinent experiment that may be related to electronic polarization of isotropic matter i.e. pure silica. They show that when lines is written in some directions from one end to the other one of a sample, the chemical etching rate is not the same from one face or from the other one. This difference is observed maximum horizontally. Its sign depends on the pulse energy. It exits for a sufficient overlaps. Such a difference in etching rate has been already described in the past but in polar crystal LiNbO 3 [27] . It arises from different chemical reaction due to different surface charge because of permanent electric dipole associated to ferroelectric property of the crystal. It is likely that the same phenomenon occurs for irradiated fused silica and reveals thus that permanent polarization has been produced in volume. However, as pure silica does not contain ferroelectric matter, we can say that a space charge is built along the written line. We have engaged measurements with electrostatic force microscope and preliminary results seem to confirm this remark. Such a charge migration is also invoked in silver diffusion in [28] explaining the spatial structure of the SHG source. We can think that this space charge is the consequence of electron migration produced by the ponderomotive force i.e. by I ∇  when this one exhibits a net transverse component.
A decisive experiment on that point is the one from Salter et al. in 2012 [11, 12] . These authors using a SLM (spatial light modulator) produced on one hand PFT of different sign and observed a reversal of AOW but they built also a transversally asymmetric intensity gradient without PFT and produced the same effect in fused silica showing that the gradient intensity is at the basis of the process.
Tentative mechanism
Our proposal for symmetry breaking will be therefore based on the above review and results. In the condition that we used for inducing permanent refractive index change, the plasma is formed by multiphoton ionization (or by tunneling) in a few 10's of fs above an energy threshold and in the same time it is heated by multiphoton absorption of the excited electrons in the conduction bands. If impact ionization plays a role in the excitation for higher energy density, it does not change the view. One hundred femtosecond later, a part of the excited electrons couple with the phonons and stabilize under Self Trapped Excitons (STE) below the bottom of the conduction band [9, 29] . Notice that STE formation is specific to some glassy materials like silica and doped-silica but not all of them. In the first part of this process, electrons are mobile and moves under the ponderomotive force as described by Bethune [30] . The plasma becomes transversally asymmetric (Bethune discussed the timescale for such process and the conditions are actually fulfilled in our case). Since STE's are almost immobile, they will "record" the non-uniformity of the plasma spatial distribution that will survive after the pulse will be exhausted. Then, STE's relaxe (their lifetime is less than a few 100's ps at room temperature) and a space charge is definitely stored in the matter (this space charge is a separated charge of opposite sign, it is globally neutral). However, we can note that in the same time, the matter temperature increases in a few 10's ps and will decrease down to room temperature by thermal diffusion at the scale of one μs. With the typical pulse energy and the repetition rate that we used (below 500 kHz), pulses are thus completely separated and there is no heat accumulation from pulse to pulse. The space charge in a hot matter can deform the matter thanks to the opposite charge attraction. Nevertheless, the time is not long enough, considering the atomic mobility to completely erase the space charge by ionic migration or plastic deformation. When the matter has returned to room temperature, it contained therefore a space charge, a plastically deformed matter and a stress field due to residual electrostatic force and modification of mechanical properties due to the irradiation (in particular fictive temperature [31] that increases after laser irradiation [15] ). 
The first term of the last part of the equation is sensitive to the pulse front tilt, it pushes the electrons forward in front and on the edge of the side of the pulse (see Fig. 10a ). The second and the third terms are oriented by the Poynting vector; they act partly in the opposite orientation of the first term with the same strength. They push the electrons back to the PFT but they are not sensitive to the PFT. In strong converging regime, they tend to decrease the electron density at the center of the focal volume. The first term in 2 E ∇  has also a similar effect, more efficient but it introduces a dissymmetry when PFT is not zero. In conclusion, in the absence of a PFT, the electrons are just pushed out from the center whereas with a PFT, they are pushed more on one side. As shown by Bethune [30] , this creates a DC field but here without center of symmetry (see Fig. 10b ). Lifetime of the electrons may be smaller than the pulse duration and part of them are trapped under STE's (typically within 150fs in silica or doped-silica) [9, 32, 33] . A large part of them is readily re-ionized but this does not erase the DC field. A small part of the STE's relaxe over a few 100's ps under charged point defects that contribute to record the electric field into the glass network. Also as the pulse ends, the glass temperature increases. Glass distorts but does not screen the electric field completely because melting is not achieved (time at high temperature is too short). When glass has cooled down again, it contains an electric field, a free of stress deformation (or strain) field and a residual stress field.
As we can see, due to non-centersymmetry of the charge distribution, the stress distribution is not centersymmetric either. Hence, when a next pulse strikes the matter it begins to erase a part of the charge distribution and a part of the stress field but not completely. A part of the previous irradiated matter is not irradiated again and induces a stress field in the next focal volume. As we mentioned above, we believe that this stress field interacts in the transformation process of the matter under irradiation. Therefore, as the stress field is not the same on one side and the other of the previous pulse, the matter transformation may be different as we believe from [25] that the transformation kinetics is sensitive to the stress field. In this scheme, there is only one direction for which AOW cannot be detected; it is when scanning direction is perpendicular to 2 E ∇   or in the plane of the PFT. In the ponderomotive expression considered until now (when light is on), the laser polarization does not play a role whereas the experiment clearly points out an effect. For getting back in the mechanism a laser polarization effect, we have to relax part of the assumption made until now. The first one can be to consider the appearance of a contribution of the static field in the ponderomotive expression but this does not introduce an effect, the plasma polarization remaining linear. The second possibility is that plasma polarization is no more linear in E  at the laser frequency. The first non-linear contribution at the laser frequency may be from third order polarization. In isotropic media like plasma is, in the dipolar approximation, we can write 
On the contrary to dipolar contribution, this term introduces component dependent on the laser polarization. This is also the case if we relax the third assumption i.e. the electron plasma speed is not negligible. In that case, terms we have to considered is given for example by Maugin [34] . We have:
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It is a bit cumbersome but it can be shown that these terms introduce mostly forces perpendicular to 2 E ∇   and to B  . They deviate all the direction of the plasma density gradient according to the laser polarization. Rough computation of their amplitude considering that average speed allows the electron to cross the beam radius during the pulse duration, shows that they are of comparable order of magnitude when compared to the ponderomotive force at zero speed in our conditions. These two last contributions are thus important for explaining the laser polarization effect in AOW. The larger effect is when the laser polarization lies in the rotation plan of the PFT, increasing its effect.
Conclusion
After reviewing the publications together with new results that show AOW on refractive index changes, birefringence, nanogratings, stress, bubble formation, their analyses suggest a new interpretation based on a space-charge built from ponderomotive force and stored in the dielectric inducing an asymmetric stress field. With such mechanism, we are able to explain most of the observations. Additional experiments are nevertheless required for establishing definitely the existence of the space charge and the spatial distribution of the stress field. Even though, we do not explain everything at the moment like the shearing inversion on scanning orientation inversion but we are working on considering the spatial distribution of the ponderomotive force that appears when plasma electron speed is not neglected.
